The cell death mechanism that prevents aneuploidy caused by a failure of the spindle checkpoint has recently emerged as an important regulatory paradigm. We previously identified a new type of mitotic cell death, termed caspase-independent mitotic death (CIMD), which is induced during early mitosis by partial BUB1 (a spindle checkpoint protein) depletion and defects in kinetochore-microtubule attachment. In this study, we have shown that survived cells that escape CIMD have abnormal nuclei, and we have determined the molecular mechanism by which BUB1 depletion activates CIMD. The BUB3 protein (a BUB1 interactor and a spindle checkpoint protein) interacts with p73 (a homolog of p53), specifically in cells wherein CIMD occurs. The BUB3 protein that is freed from BUB1 associates with p73 on which Y99 is phosphorylated by c-Abl tyrosine kinase, resulting in the activation of CIMD. These results strongly support the hypothesis that CIMD is the cell death mechanism protecting cells from aneuploidy by inducing the death of cells prone to substantial chromosome missegregation.
Aneuploidy -the presence of an abnormal number of chromosomes -is the primary cause of miscarriages, mental retardation, and congenital abnormalities in humans and is a hallmark of cancer. 1 The role of aneuploidy in cancer has been hotly debated for almost a century, and recent evidence has shown a tight link between aneuploidy and tumorigenesis. 2, 3 Aneuploidy is frequently caused by chromosome missegregation during mitosis, which results from errors of the mitotic checkpoint, the major cell cycle control mechanism that prevents chromosome missegregation. 4, 5 The spindle checkpoint arrests cell cycle progression before anaphase if chromosomes are unattached or incorrectly attached, by transiently inhibiting the anaphasepromoting complex (APC/C). 6, 7 Kinetochores that are improperly attached to microtubules send a signal to the spindle checkpoint components -Mad1, Mad2, BUBR1 (Mad3-like, but has a C-terminal kinase domain), Bub1, Bub3, and Mps1 -all originally identified in Saccharomyces cerevisiae. [8] [9] [10] These components and their functions are highly conserved between yeast and humans 11 and are essential for the mitotic checkpoint in human cells as bona fide mitotic checkpoint proteins. 12, 13 Consistent with a link between aneuploidy and cancer, several facts support the role of the spindle checkpoint in tumorigenesis. For example, mutations in the human homologs of Bub1 (BUB1 and BUBR1) have been observed in subtypes of colorectal cancer cells that exhibit chromosome instability (CIN tumor cells). 14 The CIN phenotype has been associated with mutations in spindle checkpoint genes, [15] [16] [17] decreased levels of spindle checkpoint proteins, 18, 19 and loss of spindle checkpoint activity. 20, 21 Mad2 þ /-mice develop lung tumors at high rates after a long latency. 22 Bubr1 þ /-mice and Bub3/Rae1 heterozygotes are prone to tumor development. 23, 24 These results strongly suggest a close relationship between altered activity of the spindle checkpoint and tumorigenesis. Moreover, importantly, many tumor cells have a diminished, but not absent, spindle checkpoint response. 12 When cells cannot satisfy the spindle checkpoint after a long mitotic delay (known as adaptation to D-mitosis), several cell fates can occur: some cells die during mitosis, some exit mitosis as viable cells but die as a result of apoptosis in the G1 phase, and some exit mitosis as viable cells but are tetraploid and reproductively dead. 7 Microtubule inhibitors induce mitotic arrest by activating the spindle checkpoint; eventually, these inhibitors cause cytotoxicity. Many reports have described the cytotoxicity of microtubule inhibitors and resultant cell death as either apoptosis in G1 or reproductive death. 25 However, questions regarding cell death during mitosis have remained. Although many studies suggest that cell death occurs during mitosis, [26] [27] [28] [29] [30] the mechanism remains to be detailed, especially with regard to the relationship between the spindle checkpoint and apoptosis during mitosis.
We recently identified a novel type of mitotic cell death, which we term caspase-independent mitotic death (CIMD). 31, 32 Caspase-independent mitotic death is a programmed cell death in early mitosis that is induced by defects in the kinetochore-microtubule attachment in BUB1-deficient cells. In BUB1-deficient (but not MAD2 deficient) cells, CIMD is induced by conditions that activate the spindle checkpoint (i.e., cold shock or treatment with nocodazole, paclitaxel (Taxol), or 17-allylamino-17-demethoxygeldanamycin (17-AAG)). Caspase-independent mitotic death depends on p73, a homolog of p53, but not on p53. It also depends on the apoptosis-inducing factor (AIF) and endonuclease G (Endo G), which are effectors of caspase-independent cell death. 33 When BUB1 is completely depleted, aneuploidy occurs instead of CIMD. We propose that CIMD is the cell death mechanism that protects cells from aneuploidy by inducing the death of cells prone to substantial chromosome missegregation. In this study, we determined the molecular mechanism by which CIMD is activated by partial but not complete depletion of BUB1.
Results
CIMD occurs independently of caspases. In our previous study, we detected no caspase activity (caspases 1, 3-9) in cells in which BUB1 is partially depleted using small interfering RNA (siRNA) and exposed to 17-AAG or Taxol. 32 In addition, pharmacological caspase inhibitors bocaspartyl-(OMe)-fluoromethyl-ketone (BAF) and Z-VAD-FMK (zVAD) did not inhibit DNA fragmentation induced by 17-AAG or Taxol treatment and BUB1 partial depletion using siRNA. 32 Therefore, we concluded that CIMD is caspase independent.
To strengthen our conclusion, we tested caspases 2 and 10-13 and observed no caspase activity in cells in which CIMD occurs (Supplementary Figure S1) . We also tested whether CIMD occurs in mouse embryonic fibroblasts deficient in caspases 3 and 7 34 and observed that CIMD occurs in the absence of these caspases (Figure 1a-c) . These results strongly suggest that CIMD is independent of caspases.
p73 depletion rescues the lethality of cells in which CIMD occurs. As we previously reported, 32 when BUB1 is partially depleted from HeLa cells by siRNA and cells are subsequently treated with 17-AAG or Taxol, substantial synergistic lethality is observed in a colony outgrowth assay (Figure 2a and b) . We previously reported that this lethality is due to CIMD. Because the occurrence of DNA fragmentation is dependent on p73 but not on p53, 32 we examined whether depletion of p73 rescues the lethality caused by CIMD in the colony outgrowth assay. Although we could not detect p73 in HeLa cells by immunoblotting (data not shown), the amount of p73a mRNA was significantly suppressed when two independent sets of p73 siRNAs were used (Supplementary Figure S2 ; Supplementary Table S2) . Depletion of p73a rescued the lethality induced by BUB1 partial depletion (Supplementary Figure S3 (right panel)) and drug treatment in the colony outgrowth assay, whereas single p73 depletion and drug treatment did not cause significant lethality (Figure 2a and b) . These results indicate that p73 depletion rescues the lethality of cells in which CIMD occurs.
Survived cells that escape CIMD have abnormal nuclei. We hypothesized that CIMD is an alternative cell death pathway that protects cells from aneuploidy by killing cells prone to substantial chromosome missegregation. 31, 32 If this hypothesis is true, survived cells that escape CIMD by depletion of p73 in the colony outgrowth assay should be aneuploid. There was a significant increase in the number of abnormal nuclei in cells with p73 þ BUB1 double siRNA and drug (17-AAG or Taxol) treatment (Figure 2c and d) . The resulting abnormal nuclei (i.e., fragmented and aggregated nuclei consisting of more than three nuclei-like fragments, micronuclei, chromosome bridges, malformed nuclei, or binuclei; Figure 2c ) are similar to those of cells depleted of MAD2 for several cell divisions. 35 Some abnormal nuclei types (Types 1, 2, and 3) were similar to that of completely BUB1-depleted cells that show significant reduction in CIMD cells and mitotic index with 17-AAG treatment (Supplementary Figure S3 (left panel) and S4). 32 These data indicate that survived cells that escaped CIMD by the addition of p73 siRNA to BUB1 siRNA have abnormal nuclei, suggesting that CIMD eliminates cells prone to substantial chromosome missegregation. This finding strengths our hypothesis that CIMD is an alternative cell death pathway that protects cells from aneuploidy.
BUB3 interacts with p73a specifically in cells in which CIMD occurs. We proposed a working hypothesis to describe how partial depletion of BUB1 induces CIMD. 31 We assume that there exists a mediator protein X that interacts with BUB1. Although protein X interacts with BUB1, it cannot associate with p73; when BUB1 is depleted, protein X can bind to p73 to activate its transcriptional activity.
As BUB3 is one of the proteins that physically interacts with BUB1, 36, 37 we tested BUB3 as a candidate for being protein X and studied p73-BUB3 association by immunoprecipitation while introducing defects in the kinetochore-microtubule attachment (KT-MT defects) by drug treatment. Proteins were precipitated using anti-5 Â His antibody from HeLa cells co-transfected with 6 Â His-tagged BUB3 and p73a expression constructs. Taxol-or 17-AAG-treated cells and cells not treated with drugs were examined to detect this interaction. Interestingly, p73a was observed in immunoprecipitates of 6 Â His-tagged BUB3 from 17-AAG-or Taxol-treated cells, although the level of 6 Â His-tagged BUB3 was below detectable levels in total lysates (Figure 3a (left panel); Supplementary Figure S6 ). In addition, p73a was not precipitated in HeLa cells not treated with drugs ( Figure 3a , right panel). We confirmed the occurrence of DNA fragmentation by performing TUNEL (TdT-mediated dUTP nick-end labeling) assay under the same conditions as those in which 6 Â His-tagged BUB3 and p73a interact (Supplementary Figure S5 ; see the next paragraph). To check BUB3-p73 interaction in a reciprocal manner, we also performed an immunoprecipitation analysis using HeLa cells co-transfected with 6 Â His-tagged BUB3 and HA-tagged p73a expression constructs, and immunoprecipitated HA-tagged p73a using anti-HA antibody and detected 6 Â His-tagged BUB3 in the immunoprecipitates (Supplementary Figure S7) . Together, these data strongly suggest that BUB3 interacts with p73a specifically in cells in which CIMD occurs. . Therefore, the mitotic death caused by BUB3 overexpression is caspase independent and thus CIMD.
As BUB3 overexpression induces CIMD, we next investigated whether BUB3 depletion inhibits CIMD. Although we tried achieving complete depletion of BUB3 using 11 different sets of siRNA (data not shown), we could deplete only 70% of BUB3 (Figure 3g, top panel) . However, even this partial depletion of BUB3 significantly suppressed CIMD (Figure 3g , bottom panel). Furthermore, endogenous BUB3 interacted with p73 when BUB1 was partially depleted (Supplementary Figure S8) .
These data indicate that BUB3 is the mediator protein inducing CIMD in response to KT-MT defects.
p73 isoforms and CIMD. The p73 mRNA exists as several C-terminal splice variants. [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] As it was difficult to clearly detect endogenous levels of individual isoforms, we first depleted all isoforms by siRNA targeting the common 5 0 -UTR region ( Figure 4b ) and confirmed abrogation of CIMD using these siRNA sequences (Figure 4c Colony outgrowth assays of HeLa cells transfected with siRNAs directed against p73 þ Luc (luciferase), p73 þ BUB1 (partial), BUB1 (partial), or Luc were conducted. At 24 h after transfection, cells were incubated with 100 nM 17-AAG or 1.5 nM Taxol for 2 days and the drug was removed by washing, but mitotic cells were retained. To allow colony formation, 500 transfected cells were spread and incubated for approximately 20 days. We normalized the percent viability -the percentage of surviving colonies in control wells (Luc siRNA plus 17-AAG (100 nM; (a)) or Taxol (1.5 nM; (b)), which is a moderate concentration that does not kill a large proportion of the cell population (only as much as Luc siRNA plus no drug does) - 32 and set it to 100. Three independent experiments were performed for each drug, and the mean percentages (±S.D.) are shown. (***) Po0.0001 and (**) Po0.001 compared with BUB1 siRNA plus drug (Student's t-test). (c) Survived cells that escape CIMD by p73 þ BUB1 double siRNA treatment in colony outgrowth assays have abnormal nuclei. After colony formation as described in (a and b), cells were fixed, and DNA was visualized by staining with DAPI (blue). Anti-btubulin (b-tubulin; green) mouse monoclonal antibody was used to visualize the cytoskeletal structure. Types 1, 2, and 3 correspond to the overlapping types that have been previously reported.
32 43N (type 1) refers to fragmented and aggregated nuclei and consists of more than three nuclei-like fragments; micro (type 2) refers to micronuclei (arrows); bridge (type 3) refers to chromosome bridges (arrowheads); malformed, refers to malformed nuclei; 2N, refers to binuclei; and normal, refers to normal-shaped nuclei. Bar:, 10 mm or 20 mm. However, under conditions in which CIMD occurs, BUB3 interacted with a-, b-, g-, and e-isoforms (Figure 4d ), suggesting that binding of p73 isoforms to BUB3 is not sufficient to induce CIMD.
Tomasini et al. 48 described two independent promoters that enable expression of full-length, transcriptionally competent proteins (TAp73 isoforms) and amino-truncated transcriptionally incompetent proteins (DNp73 isoforms). Furthermore, extensive 3 0 splicings generate further isoforms for each TAp73 and DNp73 isoform. 39, 48 DNp73 isoforms, by inhibiting the transactivational activity of both TAp73 and p53, are antiapoptotic and therefore oncogenic. 48 We observed that DNp73 a, b, and g suppressed DNA fragmentation in BUB1-depleted cells that were treated with 17-AAG (Figure 4e ), indicating that DNp73 isoforms inhibit CIMD.
Y99 phosphorylation on p73a by c-Abl tyrosine kinase is required for CIMD activation. Previous studies report that when p73 is activated in response to DNA damage, p73 Y99 is phosphorylated by c-Abl (human ABL1) tyrosine kinase. 49 This phosphorylation is a prerequisite modification for p73 to elicit cell death in fibroblasts. 49, 50 In our study, phosphorylated Y99 was detected with antiphospho-p73a (Y99)-specific antibody, specifically in 6 Â His-BUB3 immunoprecipitates (Figure 5a ; Supplementary Figure  S6 ), indicating that Y99-phosphorylated p73 interacts with BUB3 in cells in which CIMD occurs.
To investigate the role of Y99 phosphorylation on p73a in CIMD activation, we constructed an unphosphorylated mutant p73a-Y99A. The p73a-Y99A mutant was expressed at the same level as the wild-type control ( Figure 5b S19 phosphorylation on BUB3 by BUB1 kinase is required for CIMD activation. As BUB1 kinase activity is required to induce CIMD, 32 we hypothesized that BUB3 might be phosphorylated by BUB1 to activate p73. First, we examined whether BUB1 phosphorylates BUB3 in vitro. We performed BUB1 kinase assay using histone H3 as a positive control ( Figure 6a ) and observed that BUB3 was phosphorylated by BUB1 in vitro (Figure 6a ). Mass spectrometry analysis revealed that BUB3 is phosphorylated at serine-19 (S19) by BUB1 in vitro (Figure 6b ). To confirm whether this phosphorylation occurs in vivo, we performed 2D-gel electrophoresis and immunoblotting. Alkaline phosphatase treatment of immunopurified BUB3 reduced the intensity of the signal of the dot at the far right of BUB3 ( Figure 6c , top (arrow and circle) and middle panels), indicating that this dot is a phosphorylated form of BUB3. We observed that the corresponding dot was absent in an unphosphorylated mutant BUB3-S19A ( Figure 6c , bottom panel), suggesting that S19 is phosphorylated in vivo. Importantly, overexpression of wild-type BUB3 but not of the S19A mutant induced CIMD (Figure 6d ), indicating that S19 phosphorylation on BUB3 is required for CIMD activation. However, the BUB3-S19A mutant protein was able to associate with p73a as the wild-type BUB3 protein, indicating that S19 phosphorylation is not necessary for interaction with p73 ( Figure 6e ).
Discussion
The molecular mechanism involved in the activation of CIMD has not been elucidated to date. Here, we show that overexpressed BUB3, a BUB1 interactor, interacts with p73, a structural and functional homolog of the p53 tumorsuppressor protein, specifically in cells in which CIMD occurs. Y99 phosphorylation on p73 by c-Abl tyrosine kinase and S19 phosphorylation on BUB3 by BUB1 kinase are required for CIMD activation. These results strengthen the hypothesis that CIMD protects cells from aneuploidy, which leads to tumorigenesis.
Molecular mechanism of activation of CIMD. To explain how partial BUB1 depletion induces CIMD, our initial hypothesis was that BUB1 phosphorylates p73 to activate it, but binding of BUB1 to p73 silences the transcriptional activity of p73. Therefore, a certain level of BUB1 is needed to phosphorylate p73, but this level should be low enough to release phosphorylated p73 from BUB1 to bind DNA. However, we could not detect the BUB1-p73 interaction by immunoprecipitation under various conditions. Therefore, we proposed another hypothesis that suggests that activated BUB1 binds to mediator protein X and phosphorylates it. 31 According to this model, overexpression of mediator protein X should induce CIMD. Our results clearly demonstrate that BUB3 interacts with p73a specifically (Figures 3a and 5a, Supplementary Figures S6-8 ) and Y99-phosphorylated p73 interacts with BUB3 in cells in which CIMD occurs (Figures 5a; Supplementary Figures S5  and S6 ). Therefore, we conclude that BUB3 is the mediator protein X (Figure 7) .
A molecular switch should be required to modify BUB3 to activate p73 to induce CIMD conditionally. As BUB1 kinase activity is required to induce CIMD, 32 we tested whether BUB3 is phosphorylated by BUB1. Serine-19 on BUB3 was phosphorylated by BUB1 in vitro (Figure 6a and b) and this site was phosphorylated in vivo (Figure 6c ). Overexpression of an unphosphorylated mutant BUB3-S19A protein, but not BUB3, failed to induce CIMD, indicating that S19 phosphorylation is required for CIMD (Figure 6d ). However, we observed that BUB3-S19A protein was able to bind p73a efficiently (Figure 6e ). Therefore, there may be additional modification to regulate the BUB3-p73 association.
p73 isoforms. Several studies have suggested specific roles for particular p73 isoforms. 38, 42, 48, 51, 52 The p73 mRNA exists as several C-terminal splice variants. [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] The molecular mechanism of CIMD activation Y Niikura et al Tomasini et al. 48 The molecular mechanism of CIMD activation Y Niikura et al antiapoptotic and therefore oncogenic. 48 The first study of p73-deficient mice (Trp73 À/À ) by Yang et al. 53 showed that they have neurological, pheromonal, and inflammatory defects but lack spontaneous tumors. However, Flores et al. 54 reported that p73 þ /-mice had spontaneous tumors, and 6 of 10 p73 -/-mice had spontaneous lung adenocarcinoma, which is not consistent with the findings of Yang et al. 53 A recent study also showed that mice specifically lacking TAp73 isoforms exhibit spontaneous and carcinogen-induced tumors, infertility, and aging, as well as hippocampal dysgenesis. 52 Interestingly, cells from TAp73 À/À mice exhibit genomic instability associated with enhanced aneuploidy, which may explain the increased incidence of spontaneous tumors in these mutants. Therefore, TAp73 isoforms have a tumor-suppressive role and Trp73 may be involved in maintaining genomic stability.
We used siRNA sequences targeting the p73a isoform and confirmed the reduction of p73a by RT-PCR (Supplementary Figure S2; Figure 4b ). As it was difficult to confirm the specific depletion of each isoform, we expressed each isoform when all isoforms were depleted (Figure 4a and b) . Interestingly, overexpression of a-, b-, and g-but not the e-isoform was sufficient to induce CIMD (Figure 4c ). However, a-, b-, g-, and e-isoforms interacted with BUB3 (Figure 4d) . The e-isoform bound to BUB3 but could not induce CIMD, suggesting that specific regions of a-, b-, and g-isoforms are important for CIMD activation. Further analysis is required to determine these specific domains and their functions. We also observed that DNp73 isoforms inhibit TAp73 forms in CIMD activation (Figure 4e) , 40 raising the possibility that CIMD does not occur in cancer cells expressing DNp73, such as neuroblastoma cells, which exhibit aneuploidy. 55, 56 p73, the spindle checkpoint, and aneuploidy. We observed that under the conditions in which CIMD occurs, p73 interacts with BUB3 but not with BUB1. However, very recently, Vernole et al. 57 reported that p73a binds to BUB1 and BUB3 in colchicine-treated cells, and Tomasini et al. 58 observed that p73a interacts with BUBR1 and a C-terminal fragment of BUB1 interacts with p73a in nocodazole-treated cells. We do not know the reason for this disparity, but the fact that they used the conditions under which CIMD occurred in our studies could be an important factor. For example, both studies overexpressed these proteins to study interactions in the presence of microtubule inhibitors, 57, 58 and we know that overexpression of BUB3 causes CIMD when cells are treated with microtubule inhibitors. Tomasini et al. 52 also report a putative function of p73 in the spindle checkpoint activity; however, the premature mitotic exit that they observed in nocodazole-treated TAp73 -/-cells was minor compared with that seen in authentic spindle checkpoint mutant/depleted cells. This minor defect can be explained by loss of CIMD in p73 knockdown cells (Figure 2 ). Further analysis is required to clarify these issues.
Defects in the spindle checkpoint can promote aneuploidy, and an altered checkpoint is common in tumor cells. 3, 12 Various mutations have been identified in spindle checkpoint components, 3, 12 but no correlation has been established The molecular mechanism of CIMD activation Y Niikura et al between mutations and protein function. Some studies have found that levels of checkpoint components are different in tumor and normal cells, [59] [60] [61] [62] but there is no consensus on whether levels of specific proteins increase or decrease in tumor cells and how altered expressions affect the spindle checkpoint function. Our results and previous studies suggest that the expression and balance in levels of BUB1 and BUB3 are important to induce CIMD. 32, 63 Thus, it would be interesting to detect the balances of these proteins in cancer cells.
p73 Y99 phosphorylation and the role of c-Abl in CIMD. Tyrosine kinase c-Abl is the cellular proto-oncogenic counterpart of oncogenic BCR-ABL, 64, 65 which is the fusion gene product of the Philadelphia (Ph) chromosome generated from a reciprocal translocation between chromosome 9 containing the tyrosine kinase c-Abl and chromosome 22 with the BCR gene (t [9;22] ). 66, 67 BCR-ABL tyrosine kinase activity is essential to induce in vitro cellular transformation 68 and in vivo leukemogenesis.
69,70
Deregulated activity of BCR-ABL tyrosine kinase is responsible for the development of 90% of chronic myelogenous leukemia cases and 5-15% of acute B-cell lymphoblastic leukemias. 71 The c-Abl protein is also activated by certain DNA-damaging agents 72 and can induce programmed cell death (apoptosis) through p53-dependent and p53-independent mechanisms. 73 The p73 protein is regulated by tyrosine kinase c-Abl in the apoptotic response to DNA damage. 49 In our study, Y99-phosphorylated p73 interacted with BUB3 in cells in which CIMD occurs (Figure 5a ; Supplementary Figures S5 and S6) ; in addition, expression of the p73a-Y99A mutant significantly suppressed CIMD induced by BUB3 overexpression plus drug treatment (Figure 5b ) and c-Abl tyrosine kinase and its activity were required for CIMD (Figure 5c and d) . These data support the idea that c-Abl has an important role in inducing programmed cell death during mitosis.
In vivo function of CIMD. Jeganathan et al.
63 generated a series of mutant mice with a gradient of reduced Bub1 expression, using wild-type, hypomorphic, and knockout alleles. They observed that Bub1-hypomorphic, but not Bub1-haploinsufficient, mice are highly susceptible to spontaneous tumors.
We speculate that the loss of generation of spontaneous tumors in Bub1-haploinsufficient mice may be due to CIMD. This hypothesis should be tested using mouse embryonic fibroblast (MEF) cells derived from Bub1 mutant mice 63, 74 and determining whether CIMD occurs. If spontaneous tumorigenesis in Bub1 þ /-mice is suppressed by CIMD, then reduction or deletion of p73 in Bub1 þ /-mice should increase spontaneous tumorigenesis. These genetic analyses will determine the in vivo function of CIMD. Caspase-independent mitotic death has also been observed to be dependent on AIF and Endo G, which are effectors of caspase-independent cell death, 33 and EndoG and Aif double-knockout mice can be used to test whether CIMD prevents tumorigenesis. Physiological studies on CIMD in mouse models can help determine the in vivo function of CIMD. , and e interact with BUB3 in which CIMD occurs. Immunoblot analysis of BUB3 immunoprecipitates was performed. Plasmid pDEST26-6 Â His-human BUB3 and each TAp73 isoform (pcDNA3-DEST-human TAp73a-e-myc-6 Â His) were co-transfected into HeLa cells. At 48 h after transfection, HeLa cells were incubated with 500 nM 17-AAG for 24 h ( þ 17-AAG), and protein extracts were prepared. Proteins in the total cell lysate (T) and precipitate (P) obtained using Ni-NTA agarose purification were detected with anti-TAp73 specific antibody. The volume of the total cell lysate was 6% of that of the starting material. (e) (Top panel) Overexpression of DNp73 isoforms. HeLa cells were transfected with either empty vector or expression plasmids encoding each isoform of DNp73 (pcDNA3-DEST-human DNp73a-e-myc-6 Â His), as indicated. Western blot analysis of total HeLa cell lysates collected 48 h after transfection was performed. GAPDH protein was the loading control. (Bottom panel) Overexpression of DNp73a, b, and g, but not e suppressed the CIMD phenotype as the dominant-negative mutant. The histogram summarizes results of the TUNEL assay of cells partially depleted of BUB1. At 48 h after HeLa cells were co-transfected with the plasmid pEGFP-N1 as transfection marker, plus with overexpression vector of each DNp73 isoform (as shown in top panel) and BUB1 siRNA (partial), they were incubated with 17-AAG ( þ 17AAG, 500 nM) for 24 h at 37 1C. Cells transfected with Luc siRNA and/or vector were used as control. TUNEL staining was performed as described in Figure 3c Cell culture, transfection, 17-AAG treatment, and protein extraction were performed as described in Figure 3a . Proteins in the total cell lysate (T) and precipitate (P) obtained using Ni-NTA agarose purification were detected both with p73a antibody (top and bottom panels, as shown in Figure 3a ) and with phospho-p73a (Y99) antibody (middle panel). The volume of the total cell lysate was 12% of that of the starting material. Figure 6 Serine 19 phosphorylation on BUB3 by BUB1 kinase is required for CIMD activation. (a) BUB3 is phosphorylated by BUB1 in vitro. 6 Â His-BUB1 was expressed in insect cells and 6 Â His-BUB3 was expressed in E. coli, and both were affinity purified on a nickel column. Histone H3/H4 or 6 Â His-human BUB3 was incubated with or without 6 Â His-human Bub1. Samples were electrophoresed on an SDS-PAGE gel, stained with CBB, and dried. The incorporation of phosphate was detected by autoradiography. (b) Serine 19 on BUB3 is a phosphorylation site for BUB1 in vitro. Mass spectrometric analysis was performed on samples from the in vitro kinase assay, as shown in (a). Mass spectrometric data showing the phosphorylation of S19, identified from the tryptic peptide LNQPPEDGISpSVK, are presented. For clarity, some neutral losses in the mass spectrum are not labeled. (c) BUB3 is phosphorylated on serine 19 in vivo. Two-dimensional gel electrophoresis was performed using human BUB3 WT and S19A mutant in vivo. Plasmid pcDNA3-DEST-Flag-human BUB3 WT or S19A mutant was transfected into HeLa cells. At 48 h after transfection, HeLa cells were incubated with 500 nM 17-AAG for 24 h ( þ 17-AAG), and protein extracts were prepared. Immunoprecipitates obtained using an anti-Flag antibody were treated or not treated with alkaline phosphatase ( þ ALP, 0.2 unit/ml) as control, and analyzed by two-dimensional gel electrophoresis. An anti-Flag antibody was used to detect Flag-BUB3 WT and S19A mutant on the immunoblots. Alkaline phosphatase treatment of immunopurified BUB3 reduced the intensity of the signal of the dot at the far right (top (arrow and circle) and middle panels) and the corresponding dot was absent in an unphosphorylated mutant BUB3-S19A (bottom panel). 's t-test) . (e) Immunoblot analysis of BUB3 immunoprecipitates. Plasmids pcDNA3-Flag-DEST-human BUB3 WT, S19A mutant or vector only, and pcDNA3-HA-human TAp73a were co-transfected into HeLa cells. At 48 h after transfection, HeLa cells were incubated with 500 nM 17-AAG for 24 h ( þ 17-AAG), and protein extracts were prepared. Proteins in the total cell lysate (T) and precipitate (P) obtained using ANTI-FLAG M2 Affinity Gel (Sigma) were detected with anti-HA antibody. The volume of the total cell lysate was 2% of that of the starting material The molecular mechanism of CIMD activation Y Niikura et al pTRM4 overexpression vector, the transcription of which was regulated by the TRE promoter, and cultured in the absence of tetracycline/doxycycline.
Colony outgrowth assay. Colony outgrowth assay was performed as described previously, [75] [76] [77] but with a minor modification. HeLa cells were transfected with siRNAs using Lipofectamine 2000. At 24 h after transfection, cells were incubated with 100 nM 17-AAG or 1.5 nM Taxol for 2 days, and the drug was removed by washing while retaining the mitotic cells. Cells including mitotic cells that were recovered from the supernatant, n ¼ 500 or 2000, were spread in one well of a six-well cluster (Corning Costar, Acton, MA, USA) and incubated for approximately 20 days or 12-14 days, respectively, to allow colony formation. Colonies stained with Giemsa solution (HEMA-QUIK stain solution, Fisher Scientific, Hampton, NH, USA) were counted. Viability (%) was normalized and the percentage of surviving colonies of untreated cells transfected with control luciferase (Luc) siRNA was arbitrarily set to 100.
Immunoblotting. Immunoblotting was performed as previously described. 78, 79 Alternatively, the Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA) was used, especially for co-immunoblotting. Cells were added to lysis buffer A, 80 and the mixture was frozen in liquid nitrogen, thawed, and sonicated. Before electrophoresis, cell lysates were mixed with an equal volume of 2 Â SDS sample buffer.
Immunofluorescence. Indirect immunofluorescent staining was performed using previously described methods, 81, 82 but with the following modifications: HeLa cells were grown for 48 h on coverslip slides after siRNA and/or overexpression plasmid vector transfection (seeding approximately 1.8 Â 10 5 cells, and cells were grown for 18 h before transfection). Asynchronous populations of HeLa cells were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) at 4 1C for 30 min and then treated with 0.5% Triton X-100 in KB (10 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5% bovine serum albumin) at room temperature for 30 min. Cells were then incubated with a specific primary antibody for 1 h at 37 1C. After the cells were washed once with KB, they were incubated with the fluorescent secondary antibodies fluorescein isothiocyanate-conjugated AffiniPure IgG, Texas Redconjugated AffiniPure IgG (Jackson ImmunoResearch Laboratories, West Grove, PA, USA), Alexa Fluor 488 (Molecular Probes, Eugene, OR, USA), or co-incubated with the TUNEL reaction mixture (see TUNEL assay) for 1 h at 37 1C. Slides were washed once with KB and then incubated in KB containing 0.1 mg/ml DAPI (Sigma, St. Louis, MO, USA). Cells were observed through a Leica DM IRE2 motorized fluorescence microscope equipped with an HCX PL APO Â 63 oil immersion lens (Leica, Bannockburn, IL, USA), a Leica EL6000 compact light source (Leica), and an ORCA-ER high-resolution digital charge-coupled device (CCD) camera (Hamamatsu, Bridgewater, NJ, USA). Image acquisition and processing were performed using Openlab version 5 scientific imaging software (Improvision, Lexington, MA, USA).
TUNEL assay. At 48 h after siRNA and/or overexpression plasmid vector transfection, HeLa cells were incubated with 500 nM 17-AAG (AG Scientific, San Diego, CA, USA) for 24 h. Cells were fixed with 4% paraformaldehyde in PBS (pH 7.4), and TUNEL assay was performed using an in situ cell death detection system that contained tetra-methyl-rhodamine (TMR) red (Roche).
Caspase assay. HeLa cells were transfected with siRNA, and 48 h later they were incubated in 500 nM 17-AAG for 24 h. Fluorochrome inhibitor of caspases (FLICA) assay was performed using the carboxyfluorescein FLICA (poly-Caspases FLICA (SR-VAD-FMK), caspase 2 FLICA (FAM-VDVAD-FMK), caspase 10 FLICA (FAM-AEVD-FMK), or caspase 13 FLICA (FAM-LEED-FMK)) apoptosis detection system (Immunochemistry Technologies, Bloomington, MN, USA).
Immunoprecipitation assay. We used a previously described method for immunoprecipitation assay, 83 but with the following modifications: extracts of HeLa cells cultured in 100-mm dishes were obtained by lysing cells in cold buffer B1 (40 mM Tris-HCl (pH 7.5), 300 mM NaCl, 0.5% Triton X-100, and one tablet of EDTA-free protease inhibitor cocktail (Roche) per 10 ml) or buffer B2 (50 mM HEPES-KOH (pH 7.2), 120 mM NaCl, 0.1% NP-40, 1 mM EDTA, 60 mM b-glycerolphosphate, 0.1 mM NaF, 0.1 mM Na 3 VO 4 , 1 mM PMSF, and one tablet of EDTA-free protease inhibitor cocktail (Roche) per 10 ml), and the mixture was frozen in liquid nitrogen, thawed, and sonicated on ice. Approximately 1-4 mg of protein lysates were used per immunoprecipitation experiment. After centrifuging (15 000 Â g for 20 min at 4 1C) the lysates, 6 Â His-tagged protein was precipitated using 25 ml of Ni-NTA agarose (QIAGEN, Valencia, CA, USA) at 4 1C for 2 h to overnight. To precipitate HA-tagged protein, 4 mg of anti-HA antibody (Roche) was preincubated with 25 ml of protein A-Sepharose (Amersham Biosciences, Piscataway, NJ, USA) at 4 1C for 1 h to overnight, and then the HA-tagged protein in the supernatant was precipitated with anti-HA antibody-linked protein A Sepharose at 4 1C for 2 h to overnight. Flag-tagged protein was precipitated using 25 ml of ANTI-FLAG M2 Affinity Gel (Sigma) at 4 1C for 2 h to overnight. Myc-tagged protein was precipitated using 25 ml of c-Myc Monoclonal Ab-Agarose Beads (Clontech) at 4 1C for 2 h to overnight. Immunoprecipitates were washed six times with buffer B1 or B2, and the precipitated protein was eluted in buffer C (50 mM NaH 2 PO 4 (pH 8.0), 300 mM NaCl, 250 mM imidazole) or in SDS sample buffer (50 mM Tris-HCl (pH 6.8), 2% SDS, 0.1% bromophenol blue, and 10% glycerol).
RT-PCR. Total RNA from HeLa cells was extracted using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. To examine siRNA silencing activity, cDNA was synthesized from RNA (500 ng) and DNA amplification was performed using the One Step RT-PCR kit (QIAGEN). For amplification of gene-specific fragments, RT-PCR was performed under the following conditions: reverse transcription at 50 1C for 30 min, 30 cycles: 94 1C for 60 s, 50 1C for 60 s, and 72 1C for 60 s, and final extension at 72 1C for 10 min.
In vitro BUB1 kinase assay. The 6 Â His-human BUB3 or 6 Â His-human BUB1 protein was expressed in Escherichia coli or sf9 cells, respectively, purified with Ni-NTA agarose (QIAGEN), and dialyzed with dialysis buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 10 mM MgCl 2 , 0.1 % Triton X-100, 1 mM DTT). Histone H3/H4 (US Biological, Swampscott, MA, USA) or 6 Â His-human BUB3 was incubated in the reaction buffer (50 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 10 mM ATP) with or without 6 Â His-human BUB1 at 30 1C for 1 h in the presence of 2 mCi of [g-32 P]-ATP. PhosphorImager (Molecular Dynamics, Sunnyvale, CA, USA) was used to detect phosphorylation. Figure 7 Model describing the molecular mechanism of CIMD induction. KT-MT defects activate BUB1. The activated BUB1 binds to BUB3 and phosphorylates it on serine 19 (S19). The phosphorylated BUB3 can not bind to p73 while it is bound to BUB1. However, p73 has to be phosphorylated on tyrosine 99 (Y99) by c-Abl kinase to interact with phosphorylated and BUB1-released BUB3. When BUB1 is partially depleted or BUB3 is overexpressed under the KT-MT defect, BUB3 can bind to p73 to activate its transcriptional activity and then induce CIMD
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Mass spectrometry. The BUB3 region from the gel was reduced by 10 mM dithiothreitol, alkylated with 25 mM iodoacetamide, and digested with 0.2 mg trypsin. Mass spectrometric analysis was performed on an LTQ Linear Ion Trap Mass Spectrometer from Thermo Electron (San Jose, CA, USA) using electrospray ionization (ESI). Tryptic peptides were introduced into the instrument by gradient elution (by increasing the concentration of acetonitrile), using reverse phase (C18) ultra-high pressure liquid chromatography on the nanoAcquity (Waters, MA, USA). Waters BEHC18 with an I.D. of 75 mm and a particle size of 1.7 mm was used. Data on peptide mass (MS) spectra, followed by fragmentation of the 10 most intense ions in the MS, were acquired. Database searches were performed on these MS/MS data, using the Mascot search engine on the Swissprot database. The parameters used in the search were 1.5 and 0.7 Da for precursor and fragment ion mass tolerances, respectively, and static modification of carbamidomethyl on C. Oxidation of M and phosphorylation on STY were used as variable modifications. Phosphopeptides identified from the search were manually confirmed.
Two-dimensional gel electrophoresis. We used a previously described method for the two-dimensional gel electrophoresis, 84 but with the following modifications: Flag-tagged BUB3 was immunoprecipitated from HeLa cell lysates using an anti-Flag antibody. Isoelectric focusing was performed with 17-cm immobilized pH 3-10 gradient strips (Bio-Rad, Hercules, CA, USA) as per the manufacturer's instructions. Gel electrophoresis was performed in a Bio-Rad PROTEAN Plus Dodeca cell. After two-dimensional gel electrophoresis, proteins were transferred on to an Immobilon-FL polyvinylidene difluoride membrane (Millipore, Danvers, MA, USA) and immunoblotted using anti-Flag antibodies.
